Context: The P450 enzyme CYP24A1 is the principal inactivator of vitamin D metabolites. Biallelic loss-of-function mutations in CYP24A1 are associated with elevated serum levels of 1,25-dihydroxyvitamin D 3 with consequent hypercalcemia and hypercalciuria and represent the most common form of idiopathic infantile hypercalcemia (IIH). Current management strategies for this condition include a low-calcium diet, reduced dietary vitamin D intake, and limited sunlight exposure. CYP3A4 is a P450 enzyme that inactivates many drugs and xenobiotics and may represent an alternative pathway for inactivation of vitamin D metabolites.
I diopathic infantile hypercalcemia (IIH) (OMIM 143880) is an uncommon disorder of vitamin D metabolism that is characterized by hypersensitivity to vitamin D. It is associated with hypercalcemia and hypercalciuria, suppressed serum levels of parathyroid hormone (PTH), and elevated levels of vitamin D metabolites, particularly the active form of vitamin D, 1,25-dihydroxyvitamin D. Biallelic loss-of-function mutations of CYP24A1, the gene encoding a P450 24-hydroxylase enzyme that represents the principal pathway for inactivation of vitamin D metabolites ( Fig. 1) , cause the most common and severe form of IIH (1, 2) .
Although IIH is usually diagnosed in infants who present with severe hypercalcemia, failure to thrive, and nephrocalcinosis (3, 4) , inactivating mutations of CYP24A1 have also been reported in adults with nephrocalcinosis and/or recurrent nephrolithiasis associated with hypercalciuria (5) . Patients with CYP24A1 mutations have a lifelong defect in vitamin D metabolism that increases risk for nephrocalcinosis, nephrolithiasis, and renal insufficiency.
There is no specific, long-term treatment for patients with vitamin D hypersensitivity due to CYP24A1 mutations, and conventional management consists of minimizing cutaneous vitamin D production through reduced exposure to sunlight and other sources of ultraviolet B radiation, a low-calcium diet, and avoidance of vitamin D-rich foods and supplements. These restrictions can reduce serum calcium levels to near normal but do not adequately address the risk of renal complications due to persistent hypercalciuria. Hence, the need for specific treatment has stimulated interest in pharmacological approaches to modify vitamin D metabolism.
Recent reports have demonstrated short-term benefits of treatment with ketoconazole (6) and fluconazole (7), imidazole derivatives that can partially inhibit CYP27B1, the enzyme that generates 1,25-dihydroxyvitamin D 3 from substrate 25-hydroxyvitamin D 3 . Induction of CYP3A4 (EC 1.14.13.97), an enzyme that is expressed in the liver, small intestine, and other tissues and that metabolizes many xenobiotics, steroids, and drugs, represents an alternative therapeutic strategy to reduce serum levels of vitamin D metabolites. Indeed, the phenomenon of drug-induced vitamin D deficiency and osteomalacia is a well-recognized complication of many medications that induce CYP3A4 (8) and establishes CYP3A4 as an alternative degradative pathway to CYP24A1 (Fig. 1) . Our group recently identified a recurrent gain-of-function mutation in CYP3A4 that results in enhanced bioinactivation of 1,25-dihydroxyvitamin D 3 , which provides further support for such a therapeutic strategy (9) . Here we describe the use of rifampin, a potent inducer of CYP3A4 (8) , to normalize mineral metabolism in two patients with IIH due to mutations in CYP24A1.
Patients and Methods

Clinical
Two patients with CYP24A1 mutations, hypercalcemia, and/or hypercalciuria initiated treatment with rifampin as compassionate rescue therapy. Both patients consented or assented to the off-label use of rifampin. Rifampin dosages in these patients were consistent with standard antituberculous treatment (10 mg/kg, up to a maximum of 600 mg daily), at which rifampin has a very low risk of hepatotoxicity (10) or increased catabolism of adrenal hormones (11) . Liver and adrenal function were monitored throughout treatment. In addition to routine clinical studies, biochemical and molecular studies were performed under a protocol that was approved by the Institutional Review Board of The Children's Hospital of Philadelphia. Chart review was performed in accordance with the policies and procedures of the Institutional Review Board as a retrospective review of a limited case series.
Molecular analyses
Genomic DNA was isolated from peripheral blood mononuclear cells of the patients and their first-degree relatives. CYP24A1 mutations were confirmed by Sanger sequencing after the variants were initially identified by whole-exome sequence analysis of the two probands (12) .
Biochemical analyses
We measured urine and serum calcium, phosphorus, creatinine, and alkaline phosphatase by standard methods. Measurements of vitamin D 3 and vitamin D metabolites were performed by liquid chromatography tandem mass spectrometry, with an ultrahigh-resolution chromatographic separation procedure (13) 
Results
Patients
Case 1
An 18-year-old man presented with unexplained hypercalcemia, Table 1) .
The proband carries two CYP24A1 mutations, a novel maternal deletion (c.1421delT; p.L474WfsX102) that is predicted to be pathogenic and a previously reported paternal missense mutation (c.443T.C; p.L148P) (5) that reduces CYP24A1 activity by 30% to 50% (14) . Ultrasonography revealed extensive bilateral nephrocalcinosis and multiple renal parenchymal cysts (maximum size, 2 cm 3 2.9 cm); the patient had reduced renal function with a serum creatinine concentration of 1.4 mg/dL. Within 1 month of treatment with 600 mg rifampin daily, there was marked improvement in mineral metabolism, with reductions in serum levels of 1,25-dihydroxyvitamin D 3 and calcium and increasing PTH into the normal range (Table 1 ; Fig. 2 ). Urinary calcium excretion declined, and the serum creatinine improved to 1.1 mg/dL. Both heterozygous parents were clinically unaffected.
Case 2
An 8-year-old girl presented 2 years previously with poor growth, hypercalcemia (albumin-adjusted calcium concentration of 12.8 mg/dL), and hypercalciuria (urinary calcium/creatinine ratio of 0.59 mG/mG; normal ,0.22 mG/mG). Serum PTH was suppressed at 4 pg/mL, and serum 1,25-dihydroxyvitamin D 3 was inappropriately normal at 49 pg/mL. She had been treated with intravenous pamidronate and was receiving subcutaneous calcitonin, as well as a low-calcium and low-vitamin D diet, immediately before beginning rifampin (Table 1) .
Case 2 was compound heterozygous for two previously reported CYP24A1 mutations, a three-base pair deletion in exon 2 (c.428_430delAAG:p.Glu143del) inherited from her mother and a paternal missense mutation (c.1186C.T: p.R396W) that encodes a CYP24A1 enzyme with no activity (2) . Her older brother and sister are heterozygous for the paternal mutation, and a second sister is wild type for both CYP24A1 alleles. All heterozygous carriers were clinically and biochemically unaffected.
Case 2 was treated with rifampin (300 mg daily). Serum levels of albumin-adjusted calcium declined from 10.7 to 9.8 mg/dL, with a corresponding increase in previously suppressed intact PTH concentration from 3 to 31 pg/mL (Table 1 ; Fig. 2 ). Her polyuria resolved, and her linear growth improved. One month after discontinuation of rifampin, her serum and urinary calcium levels increased, her 1,25-dihydroxyvitamin D 3 concentration rose from 58 to 90 pg/mL, and the serum concentration of intact PTH was once again suppressed (Fig. 2) . Both patients had very low or undetectable serum levels of 24,25-dihydroxyvitamin D and extremely high ratios of 25-hydroxyvitamin D/24,25-dihydroxyvitamin D, consistent with an absence of CYP24A1 activity ( Table 1 ). The ratio of serum 4b,25-dihydroxyvitamin D 3 , an inactive metabolite of 25-hydroxyvitamin D generated by CYP3A4 (13, 15) , to substrate 25-hydroxyvitamin D is a marker of CYP3A4 activity and induction (8) , and ratios remained elevated in both cases during rifampin treatment. Moreover, this ratio decreased in case 2 after discontinuation of rifampin (Table 1) . Both patients tolerated rifampin without developing hepatic dysfunction, adrenal insufficiency, or symptoms that could be attributed to side effects of therapy.
Discussion
Normal vitamin D homeostasis requires biochemical equipoise between production and inactivation of 1,25-dihydroxyvitamin D, with CYP24A1 playing a critical role in the defense against hypercalcemia and hypercalciuria through the inactivation of 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D. Both patients described in this report had biallelic loss-offunction mutations in CYP24A1; nevertheless, both patients had detectable circulating 24,25-dihydroxyvitamin D, which may be due to residual CYP24A1 activity or modest 24-hydroxylase activity of other P450 enzymes. Here we have demonstrated that rifampin is a potential treatment of this condition. The likely mechanism of action is through overexpression of CYP3A4, thereby providing an alternative enzymatic pathway for inactivating vitamin D metabolites in patients with CYP24A1 mutations.
With rifampin treatment, both patients described in this study experienced biochemical and clinical improvement, with normalization of serum and urine concentrations of calcium and relief of symptoms of hypercalcemia. In addition, serum concentrations of intact PTH increased to the normal range, signaling re-establishment of normal mineral homeostasis. CYP3A4 oxidizes 1,25-dihydroxyvitamin D and 25-hydroxyvitamin D (Fig. 1) 4b,25-dihydroxyvitamin D, which provide evidence for CYP3A4 induction as the mechanism for this clinical improvement. Further proof of the therapeutic effect of rifampin was provided by subject 2, who-decided to stop treatment after 11 months and experienced a recurrence of hypercalcemia and hypercalciuria within 1 month of discontinuation of rifampin.
In both cases, serum concentrations of 25-hydroxyvitamin D declined with treatment. In case 2, 1,25-dihydroxyvitamin D concentrations were inappropriately normal or elevated prior to treatment with rifampin despite hypercalcemia and suppressed serum PTH. With treatment, the serum concentration of 1,25-dihydroxyvitamin D did not decrease significantly but was now associated with normal serum levels of calcium and PTH, indicating that 1,25-dihydroxyvitamin D homeostasis was now physiological. These observations are consistent with the notion that intracellular levels rather than serum levels of 1,25-dihydroxyvitamin D are the primary determinant of vitamin D action. Accordingly, the most significant improvement was a marked reduction in urinary excretion of calcium, presumably due to decreased vitamin D-dependent absorption of calcium from the intestine. CYP3A4 is highly expressed in the small intestine and liver (16) and is induced in both of these tissues by rifampin (17) . Hence, it is possible that the therapeutic effect of rifampin is less dependent upon induction of CYP3A4 in the liver than in the enterocytes, where induction of CYP3A4 would lead to increased local degradation of 1,25-dihydroxyvitamin D 3 , thereby directly reducing calcium transport across the apical cell membrane.
The current treatment recommendations for patients with IIH due to CYP24A1 mutations consist of limiting sunlight exposure and avoiding dietary vitamin D, reflecting the effect of the mutation on both 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D in the pathophysiology of this disease. Hence, an approach that focuses on restoring vitamin D homeostasis to normal, not merely blocking conversion of 25-hydroxyvitamin D to 1,25-dihydroxyvitamin D, would be desirable for optimal therapeutic benefit. In both patients reported here, rifampin therapy achieved that goal, but it is likely that long-term treatment with rifampin will be required to prevent ongoing hypercalcemia and complications of hypercalciuria.
Rifampin is among the most powerful inducers of CYP3A4 and has an extensive history of protracted use for a variety of chronic infections with an excellent safety profile. In 157 adolescents treated with rifampin at similar doses to these cases, 2.5% discontinued treatment due to alanine aminotransferase above two times the upper limit of normal (18) . Short periods of higher doses, even in combination with other antituberculous medications, are well tolerated (19) . Rifampin can increase hydrocortisone metabolism and, when used at higher doses than used here, has been reported to cause adrenal crisis in patients with underlying adrenal insufficiency (11), but clinically significant disturbances in the metabolism of other steroid hormones in otherwise healthy patients have not been described. Serum levels of adrenocorticotropic hormone and cortisol, measured in the morning, remained normal in our subjects during the study, indicating that rifampin treatment had not critically impaired production of glucocorticoid steroids. We did not perform adrenocorticotropic hormone stimulation tests, however, due to the absence of concerning clinical or biochemical features. Nevertheless, the specific dosage of rifampin that is necessary to induce CYP3A4 expression to optimal therapeutic benefit is unknown. It is also possible that other related antibiotics would have similar effects in this condition because rifabutin has been reported to be associated with osteomalacia (20, 21) .
The imidazoles fluconazole and ketoconazole have also been reported as a potential treatment of patients with elevated serum concentrations of 1,25-dihydroxyvitamin D, including patients with CYP24A1 mutations, due to their ability to inhibit CYP27B1 and thereby reduce production of 1,25-dihydroxyvitamin D 3 (22) . Nguyen et al. (6) used ketoconazole at 3-9 mg/kg/d to treat 10 of 20 infants with IIH, many of whom likely had unidentified CYP24A1 mutations, for several months. Serum calcium and urinary calcium excretion decreased to normal in treated and untreated children, although normalization of serum calcium was achieved earlier in treated children. By contrast, the time required to reach the upper normal limit for calcium/creatinine ratio was not significantly different in the two groups. Of concern is that one of the nine treated infants developed a marked reduction in serum cortisol that required cessation of ketoconazole treatment (6) . A similar approach was reported as effective by Tebben et al. (23) in a single adult patient. However, ketoconazole requires administration three times daily and has a less favorable side effect profile, which can include hepatotoxicity, gastrointestinal complaints, adrenal insufficiency, and hypogonadism (24) . Although the incidence of fluconazole-related hepatotoxity is lower than that associated with ketoconazole, severe jaundice, fatal acute hepatic necrosis, and even death have been reported (25) . Finally, it is worth noting that both fluconazole and ketoconazole can also inhibit CYP3A4 (26) , an undesirable effect of treatment. In one other infant with biallelic CYP24A1 mutations that we have managed, severe hypercalcemia was induced by fluconazole that had been prescribed for an infection.
Once fluconazole was discontinued, the infant's serum and urinary calcium levels normalized. Taken together with the salutatory effect of rifampin that we show here, it is possible that the reduced penetrance of CYP24A1 mutations in some affected individuals may reflect the coexistence of CYP3A4 alleles that are characterized as "high metabolizing" (27) and that act as important modifiers that ameliorate the severity of the biochemical defect in vitamin D homeostasis.
The effects of loss-of-function CYP24A1 mutations remain challenging to treat, with ongoing risk of hypercalcemia, hypercalciuria, and nephrocalcinosis. The potential for renal damage is significant, as evidenced by the increased serum creatinine in case 1 and the presence of multiple small renal cysts in both of our patients. These renal cysts have previously been reported in other patients with CYP24A1 mutations (28) and likely reflect blockage of small renal collecting ducts by microcalcification. Our results suggest that rifampin is an alternative treatment to consider in patients with recalcitrant hypercalcemia and/or hypercalciuria due to excessive 1,25-dihydroxyvitamin D, but confirmation of this proposal should be explored with further studies. In the meantime, it would seem prudent to avoid the use of medications (29) and foods (e.g., starfruit, pomegranate, and white grapefruit) that can inhibit CYP3A4 in patients with CYP24A1 mutations.
